The formation of the synaptic core (SNARE) complex constitutes a crucial step in synaptic vesicle fusion at the nerve terminal. The interaction of synaptotagmin I with this complex potentially provides a means of conferring Ca 2ϩ -dependent regulation of exocytosis. However, the subcellular compartments in which interactions occur and their modulation by Ca 2ϩ influx remain obscure. Sodium dodecyl sulfate (SDS)-resistant core complexes, associated with synaptotagmin I, were enriched in rat brain fractions containing plasma membranes and docked synaptic vesicles. Depolarization of synaptosomes triggered [ 3 H]GABA release and Ca 2ϩ -dependent dissociation of synaptotagmin from the core complex. In perforated synaptosomes, synaptotagmin dissociation was induced by Ca 2ϩ (30 -300 M) but not Sr 2ϩ (1 mM); it apparently required intact membrane bilayers but did not result in disassembly of trimeric SNARE complexes. Synaptotagmin was not associated with unstable v-SNARE/t-SNARE complexes, present in fractions containing synaptic vesicles and cytoplasm. These complexes acquired SDS resistance when N-ethylmaleimide-sensitive fusion protein (NSF) was inhibited with N-ethylmaleimide or adenosine 5Ј-O-(3-thiotriphosphate), suggesting that constitutive SNARE complex disassembly occurs in undocked synaptic vesicles. Our findings are consistent with models in which the Ca 2ϩ -triggered release of synaptotagmin precedes vesicle fusion. NSF may then dissociate ternary core complexes captured by endocytosis and recycle/prime individual SNARE proteins. Key Words: Syntaxin-Synaptosomalassociated protein of 25 kDa-Vesicle-associated membrane protein-N-Ethylmaleimide-sensitive fusion protein-Synaptic vesicle-Exocytosis. J. Neurochem. 74, 367-374 (2000).
Transmitter release at the nerve terminal involves assembly of a synaptic core (SNARE) complex, containing the v-SNARE vesicle-associated membrane protein (VAMP or synaptobrevin) and the t-SNAREs syntaxin 1 and synaptosomal-associated protein of 25 kDa , thought to provide a link between docked synaptic vesicles and the presynaptic plasma membrane (Söllner et al., 1993a,b; Rothman and Wieland, 1996) . Studies in vitro have shown that SNAREs form a highly stable helical bundle (Poirier et al., 1998; Sutton et al., 1998) , and it has been proposed that complex assembly in a trans configuration between two opposing membrane bilayers could drive vesicle fusion . In support of this hypothesis, reconstitution of purified v-SNARE and t-SNARE proteins into distinct vesicle populations led to an increase in lipid mixing between the two vesicle pools, indicative of fusion (Weber et al., 1998) . Furthermore, recent studies in neuroendocrine PC12 cells have suggested that Ca 2ϩ initiates trans core complex assembly via a mechanism that remains to be defined (Chen et al., 1999) .
The core complex constitutes the hub of a series of protein interactions occurring immediately upstream or downstream of Ca 2ϩ -dependent exocytosis (Südhof, 1995) . Interacting molecules include N-ethylmaleimide (NEM)-sensitive fusion protein (NSF) linked via NSF attachment proteins (SNAPs), an ATPase that dissociates low-energy SNARE complexes and primes SNARE proteins for fusion (Morgan and Burgoyne, 1995) . Another partner is synaptotagmin I, a Ca 2ϩ and phospholipid binding C2 domain protein predominantly expressed in synaptic vesicle membranes Ullrich et al., 1994; Schiavo et al., 1998 ). The precise steps in the synaptic vesicle cycle at which synaptotagmin I functions remain unclear (Söllner et al., 1993a; Pellegrini et al., 1995; Otto et al., 1997) . Synaptotagmin can associate with solubilized native core complexes but is displaced by addition of excess recombinant ␣-SNAP (Söllner et al., 1993a) , suggesting that synaptotagmin may regulate access of NSF to its substrate.
A consistent but hypothetical feature of many models of regulated exocytosis at the nerve terminal is that synaptotagmin acts as the Ca 2ϩ -sensitive clamp of an intrinsically active fusion particle (Popov and Poo, 1993; O'Connor et al., 1994; Pellegrini et al., 1995) , which may possibly be the trimeric SNARE complex Weber et al., 1998) . In this scheme of events, dissociation of synaptotagmin from the core complex, initiated by Ca 2ϩ binding, would thus allow membrane fusion to proceed. Although some genetic data are consistent with this view (DiAntonio and Schwarz, 1994; Littleton et al., 1994 Littleton et al., , 1998 , there is little biochemical evidence to provide support, and Ca 2ϩ , in fact, increases the binding of synaptotagmin to the t-SNARE syntaxin 1 Li et al., 1995a,b) . To reexamine these interactions, we have isolated synaptic SNARE assemblies from rat brain membrane fractions. Synaptotagmin was found to be associated with thermostable core complexes that were enriched in fractions containing synaptic plasma membranes and docked vesicles. Calcium entry triggered the release of synaptotagmin from the SNARE complex in intact membranes but not after detergent extraction.
EXPERIMENTAL PROCEDURES Antibodies
Antibodies against syntaxin 1, VAMP, SNAP-25, synaptotagmin, synaptophysin, and cysteine string protein were prepared as previously described (Martin-Moutot et al., 1996; Charvin et al., 1997) .
Subcellular fractionation
All steps were carried out at 4°C in the presence of protease inhibitors. All of the experiments were performed with freshly prepared membrane preparation and extracts. One rat forebrain was homogenized in 0.32 M sucrose and 10 mM HEPES/NaOH (pH 7.4). A postnuclear supernatant was spun for 30 min at 17,000 g to yield crude synaptosomes (P2) and supernatant (S2). S2 was centrifuged at 100,000 g for 3 h to obtain P3 and a cystosolic fraction (S3). P2 was lysed by dilution into 60 ml of 5 mM Tris-HCl and resuspended with five strokes of a glass/Teflon homogenizer. The lysed pellet (LP1) was collected by centrifugation at 27,000 g for 40 min in 25 mM HEPES, 120 mM NaCl, 2 mM KCl, and 1 mM NaHCO 3 adjusted to pH 7.2 with NaOH. Synaptic vesicles were immunoisolated from a 35,000 g supernatant (100 l) that was adjusted to 150 mM NaCl and 0.1% bovine serum albumin (BSA) and incubated 2 h with 10 g of antisynaptophysin or control IgG. Protein A-Fast Flow beads saturated in 10% BSA were then added. After mixing for 1 h, the beads were collected by centrifugation and washed three times with Tris-buffered saline containing 0.1% BSA and once in homogenization buffer and then directly denatured by sodium dodecyl sulfate (SDS) sample buffer or solubilized in 1% Triton X-100.
Solubilization and immunoprecipitation
Homogenates, S2 or LP1 fractions, or immunoisolated vesicles were adjusted to 1% Triton X-100. After 15 min under agitation, samples were centrifuged for 30 min at 100,000 g. Supernatants were filtered (0.22 m), and immunoprecipitation was performed with 20 g of corresponding antibodies and protein A-Fast Flow beads, washed three times in Tris-buffered saline with 0.1% BSA containing 0.1% Triton X-100, and denatured for SDS-polyacrylamide gel electrophoresis (PAGE) at 37 or 100°C.
Gel electrophoresis and western blotting
To evaluate the thermal stability of SNARE complexes, samples were diluted into 2% SDS, 6 mM EDTA, 8% glycerol, 5% ␤-mercaptoethanol, and 46 mM Tris-Cl (pH 9) and incubated for 5 min at the indicated temperatures. Samples were analyzed by SDS-PAGE on 5-15% gradient gels or 12% minigels. Samples were blotted to nitrocellulose, immunostained with 10 g/ml primary IgG followed by horseradish peroxidase coupled to protein A, and subjected to an enhanced chemoluminescence kit (Pierce). Protein bands were quantitated using a PhosphorImager apparatus (Bio-Rad).
[ 3 H]GABA release Synaptosomes were purified as described by Dodd et al. (1981) . Synaptosomes (1 mg/ml) were preincubated for 15 min in 125 mM NaCl, 3.5 mM KCl, 0.4 mM KH 2 PO 4 , 5 mM NaHCO 3 , 20 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid, 1.2 mM MgSO 4 , and 10 mM glucose (pH 7.4) and then loaded for 8 min with 66 nM [ 3 H]GABA (94 Ci/ mmol; Amersham), washed, and resuspended at 0.5 mg/ml in the same buffer containing 1.3 mM CaCl 2 or 2.6 mM EGTA. Release was evoked by addition of 30 mM KCl and then stopped by addition of EGTA after 1 min followed by centrifugation for 20 s at 13,000 g. The amount of [ 3 H]GABA in the supernatant and pellet was measured by scintillation counting.
RESULTS
The formation of synaptic core complexes is assumed to occur in a trans conformation at the interface between a synaptic vesicle and the presynaptic plasma membrane and to constitute an essential step in synaptic vesicle fusion. Ternary synaptic complexes display temperaturedependent resistance to dissociation by SDS, a property that can be used to assay complexes preexisting in membranes (Hayashi et al., 1994; Otto et al., 1997) . Western blots of a crude synaptosomal fraction probed with antibodies against VAMP, SNAP-25, or syntaxin 1 (Fig.  1A ) revealed high molecular mass complexes (160, 135, 105 , and 72 kDa) with identical electrophoretic mobility that were stable in SDS at temperatures up to 70°C. In contrast, antisynaptotagmin antibodies did not react with these complexes and predominantly stained monomeric synaptotagmin (Fig. 1A) . Subcellular fractionation was performed to examine the distribution of SDS-resistant core complexes in relation to the plasma membrane. SDS-resistant complexes were detected in brain homogenates and displayed (Fig. 1B , left) successive enrichment in P2 (crude synaptosomes) and LP1 (synaptosomal plasma membranes and attached synaptic vesicles) fractions, consistent with a postdocking role. S2 fractions contain cytoplasm and ϳ40% of total synaptic vesicles that are released during tissue disruption (Jahn et al., 1985) . Synaptic vesicles contain small amounts of the t-SNARES syntaxin and SNAP-25 as well as the v-SNARE VAMP (Walch-Solimena et al., 1995) . How-ever, S2 fractions did not display SDS-resistant core complexes (Fig. 1B, left) , even when lanes were overloaded to allow comparison with LP1 fractions at equivalent amounts of syntaxin 1 per lane (Fig. 1B, right) .
The interactions between synaptotagmin and SNARE complexes were then examined in LP1 membrane fractions containing docked vesicles. First, we verified that additional SNARE complexes were not generated by membrane solubilization with Triton X-100 compared with direct solubilization in SDS (not shown). LP1 membranes were then solubilized with Triton X-100 and immunoprecipitated with a monoclonal antibody against synaptotagmin I. Western blots revealed ternary SNARE complexes that were stable at 37°C but dissociated at 100°C ( Fig. 2A) , supporting the conclusion that synaptotagmin can associate with SDS-resistant core complexes. Quantitative western blotting indicated that 20 -30% of the SDS-resistant SNARE complexes detected in LP1 membranes were bound to synaptotagmin I. Control experiments were carried out to determine whether association of synaptotagmin with SNARE complexes could occur artifactually during membrane solubilization. Synaptotagmin I fused to maltose binding protein (MBP-syt I) was prepared, and its capacity to bind glutathione S-transferase-syntaxin 1 was confirmed (not shown). When MBP-syt I was added to membranes before solubilization, subsequent immunoprecipitation with anti-VAMP2 antibodies revealed coimmunoprecipitation of endogenous synaptotagmin I but not MBP-syt I (not shown). We therefore conclude that the association between synaptotagmin and the SNARE complex preexisted in the membrane samples. The effects of Ca 2ϩ on this interaction were explored. LP1 membranes perforated by hypotonic lysis were incubated in saline containing 1 mM Ca 2ϩ or Mg 2ϩ and immunoprecipitation assays were performed. Calcium induced a strong reduction in the number of SDS-resistant complexes immunoprecipitated by antisynaptotagmin antibodies (Fig. 2B) , although it did not modify the total amount of synaptotagmin immunoprecipitated (not shown). Similar results
FIG. 2.
Calcium-dependent dissociation of synaptotagmin from SDS-resistant core complexes. A: LP1 fractions (1 mg/ml) were solubilized in Triton X-100, and 0.1 ml of extract was immunoprecipitated with control IgG (cont.) or a monoclonal antibody recognizing synaptotagmins I and II (syt). Samples were denatured in 2% SDS at 37 or 100°C, and western blots were probed with an antibody against SNAP-25. B: Lysed synaptosomal membranes (LP1; 1 mg/ml) were incubated in 25 mM HEPES, 120 mM NaCl, 2 mM KCl, and 1 mM NaHCO 3 adjusted to pH 7.2 with NaOH, containing 1 mM Ca 2ϩ or 1 mM Mg 2ϩ for 15 min at 4°C. Triton X-100 was then added, and samples were immunoprecipitated with an antisynaptotagmin antibody (Before ipp). In parallel experiments, LP1 membranes were incubated in the absence of divalent ions, solubilized, and immunoprecipitated, and 1 mM Ca 2ϩ or 1 mM Mg 2ϩ was then added (After ipp). Western blots were probed with an antisyntaxin 1 antibody. C: LP1 fractions (1 mg/ml) were incubated in the presence of 1 mM Ca 2ϩ or 1 mM Mg 2ϩ , and SDS-resistant complexes were immunoprecipitated by anticomplexin or antisynaptotagmin antibodies. D: LP1 membranes (1 mg/ml) were incubated with a Ca 2ϩ buffer system to give the indicated range of Ca 2ϩ concentrations. SDS complexes were immunoprecipitated by antisynaptotagmin or SNAP-25 antibodies, detected in blots using antisyntaxin 1 antibodies, and quantified using a PhosphorImager apparatus (Bio-Rad). were obtained using antibodies directed against different synaptotagmin epitopes. If membrane solubilization and immunoprecipitation were performed before the addition of Ca 2ϩ , the recovery of SDS-resistant complexes by antisynaptotagmin antibodies was not affected (Fig. 2B) . Thus, Ca 2ϩ triggers the dissociation of synaptotagmin from ternary SNARE complexes in a reaction that may require an intact phospholipid bilayer. Antibodies against complexin, another synaptic protein that binds to SNARE complexes and competes with ␣-SNAP binding (McMahon et al., 1995) , also coimmunoprecipitated SDS-resistant complexes, but this interaction was not modulated by Ca 2ϩ (Fig. 2C) . Analysis of the Ca 2ϩ dependency of synaptotagmin dissociation from the SDS-resistant complex indicated a concentration range of 30 -300 M (Fig. 2D) , compatible with the cytoplasmic Ca 2ϩ concentrations necessary to trigger transmitter release from small synaptic vesicles (Heidelberger et al., 1994; Tandon et al., 1998) . Furthermore, regulation by divalent cations was highly selective, as Sr 2ϩ (1 mM) was not an effective substitute for Ca 2ϩ (Table 1) . Although Ca 2ϩ strongly reduced the ability of antisynaptotagmin antibodies to capture SNARE complexes, the total amount of complexes immunoprecipitated by anti-SNAP-25 antibodies was not modified (Fig. 2D) . Thus, the addition of Ca 2ϩ did not induce a significant decrease in the absolute number of SNARE complexes, indicating that the dissociation of synaptotagmin did not directly lead to the disassembly of ternary complexes into monomeric v-and t-SNAREs.
Experiments were also performed with intact synaptosomes to evaluate whether Ca 2ϩ influx through voltage-gated channels in conditions that evoke transmitter release can also trigger Ca 2ϩ -dependent dissociation of synaptotagmin from the SNARE complex. The data illustrated in Fig. 3 indicate that potassium depolarization of synaptosomes loaded with [ 3 H]GABA elicited both Ca 2ϩ -dependent exocytosis (Fig. 3A) and dissociation of synaptotagmin (Fig. 3B) . The dissociation of synaptotagmin was only partial (50 Ϯ 10%, mean Ϯ SD, n ϭ 4) presumably due to the facts that the intrasynaptosomal Ca 2ϩ concentrations attained are likely to be lower than in lysed LP1 fractions (Fig. 2) and that recycling can occur.
Vesicle fusion implies transition from trans protein interactions at the vesicle/plasma membrane interface to cis interactions in a single membrane plane that may be plasmalemmal or vesicular. Cis ternary complexes have been reported in the membrane of synaptic vesicles. Otto et al. (1997) have demonstrated that chromatographically isolated synaptic vesicles contain v-and t-SNAREs assembled into core complexes that can be disassembled by adding recombinant NSF and SNAPs. However, Fig. 1 illustrates an apparent discrepancy with these findings, as SDS-resistant complexes were not detected in S2 fractions that contain ϳ40% of total synaptic vesicles. This prompted us to purify synaptic vesicles by an immunoisolation protocol (Burger et al., 1989) to address the issue of vesicular v-SNARE/t-SNARE complexes. Antibodies against synaptophysin were coupled to Sepharose beads and incubated with rat brain S2 fraction. Captured membranes contained the vesicular markers cysteine string protein 1, VAMP, and synaptophysin, whereas plasma membrane proteins including the Na,K-ATPase and the N-type Ca 2ϩ channel were GABA was measured by scintillation counting and plotted as a fraction of the total initial content. B: Experiments were performed as in A, except that following depolarization, Triton X-100 was added to 0.5 mg of synaptosomes to a final concentration of 1% and 0.1-ml aliquots were immunoprecipitated with 7.5 g of antisynaptotagmin antibodies. SDS-resistant SNARE complexes were detected as described in the legend to Fig. 2 . Experiments were performed and quantified as in Fig. 2D except that the Ca 2ϩ buffer system was replaced by 1 mM MgCl 2 (arbitrarily designated as 100% immunoprecipitation), SrCl 2 , or CaCl 2 (mean Ϯ SD, n ϭ 5).
not detected (not shown). Immunoisolated synaptic vesicles contained significant amounts of t-SNAREs in agreement with the initial report by Walch-Solimena et al. (1995) . Synaptic vesicles bound to antibody beads were solubilized, and interactions between v-SNAREs and t-SNAREs were examined in extracts. In agreement with the results obtained with S2 fractions, SDS-resistant complexes were not detected (not shown). Nevertheless, antibodies directed against the N-terminus of VAMP2 captured complexes containing VAMP, SNAP-25, and syntaxin 1 from solubilized synaptic vesicles (Fig. 4A) . Control experiments demonstrated that glutathione Stransferase-syntaxin 1A added before solubilization was not incorporated into complexes, indicating that complexes were not formed artifactually in detergent extracts (not shown) but preexisted in the vesicle membrane, albeit in an SDS-labile form.
These data suggest that free synaptic vesicles in S2 fractions contain unstable v-SNARE/t-SNARE complexes that differ from those in LP1 fractions containing vesicles docked at the plasma membrane. Additional experiments were performed to compare their properties. Antibodies directed against the N-terminus of VAMP2 immunoprecipitated syntaxin 1 from solubilized P2 and S2 fractions (Fig. 4B) . In contrast, monoclonal antibodies against syntaxin 1 (monoclonal antibody 10H5) captured VAMP from P2 fractions but not from S2 fractions (Fig. 4B) . Thus, complexes in vesicles may differ conformationally from those at the plasma membrane, resulting in limited accessibility of an epitope located on syntaxin 1. Furthermore, antisynaptotagmin antibodies did not immunoprecipitate syntaxin 1 or VAMP from S2 fractions (Fig. 4B) , indicating that synaptotagmin is not associated with these SNARE protein complexes. Thus, the experiments illustrated in Fig. 4B demonstrate that standard differential centrifugation protocols generated two fractions containing v-SNARE/t-SNARE complexes with distinct properties.
The absence of bound synaptotagmin and the lability of complexes in SDS may be causally linked. If synaptotagmin does not occlude ␣-SNAP binding sites, then the action of endogenous NSF may be facilitated, resulting in destabilization of vesicular v-SNARE/t-SNARE complexes. To test this hypothesis, S2 fractions were centrifuged to remove cytoplasm, and pellets containing synaptic vesicles (P3) were incubated in the presence and absence of NEM, an alkylating agent that inhibits the action of NSF (Fig.  4C) . SDS-resistant complexes were generated in the absence of cytoplasm, and significantly larger amounts were detected when NEM was added. Addition of adenosine 5Ј-O-(3-thiotriphosphate) (ATP␥S) also favored the production of SDS-resistant complexes, presumably via inhibition of the ATPase activity of NSF (Fig. 4C) . These data are thus consistent with the conclusion that ternary v-SNARE/t-SNARE complexes can form SDS-resistant complexes in the plane of the synaptic vesicle membrane, in agreement with Otto et al. (1997) . Furthermore, they suggest that in the presence of cytoplasm, endogenous NSF is acting constitutively on undocked synaptic vesicles to disassemble these complexes.
FIG. 4.
Synaptic vesicles contain v-SNARE/t-SNARE complexes with distinct properties. A: S2 fractions (0.1 ml) were incubated with antisynaptophysin (syp) or nonimmune (cont.) beads to immunoisolate synaptic vesicles. Immunoisolated vesicles were extracted with Triton X-100, and solubilized complexes were immunoprecipitated with 10 g of anti-VAMP or nonimmune IgG. Syntaxin 1, SNAP-25, and VAMP were detected by western blotting. The Total lane was loaded with 5 l of S2. B: P2 and S2 fractions were solubilized at 3 mg/ml in Triton X-100 and immunoprecipitated with antibodies against syntaxin 1, VAMP (SYNT and VAMP; 6 g of P2 extract and 125 g of S2 extract), synaptotagmin, or nonimmune IgG (SYT and cont.; 12 g of P2 extract and 250 g of S2 extract). The Total lane was loaded with 0.6 g of P2 extract and 6 g of S2 extract. As P2 fractions contain more t-SNAREs than S2 fractions, the amounts of starting material were adjusted to give equivalent amounts of syntaxin 1 per assay. In these conditions, S2 assays contained six times more VAMP than P2 assays. Western blots were probed for syntaxin 1 and VAMP and were revealed to be in the linear range of ECL detection. This allows a direct comparison of the efficiency of immunoprecipitation of these two proteins from P2 or S2 extracts. C: S2 fractions were centrifuged to remove cytoplasm, and P3 fractions (90 g) were incubated for 15 min in the absence or presence of 1 mM NEM or 1 mM ATP␥S in homogenization buffer. Samples were analyzed by SDS-PAGE and western blotting.
DISCUSSION
Synaptotagmin binds Ca 2ϩ in a phospholipid-dependent manner and may contribute to the Ca 2ϩ dependency of exocytosis (Brose et al., 1992; Li et al., 1995a,b) . Although the exact nature of the fusion machinery is not yet known, the parallel assembly of SNARE complexes in a trans conformation, starting at the N-termini and progressing toward the membrane anchors, could pull opposing membranes together and overcome the energy barrier for fusion . In support of this hypothesis, reconstitution of purified recombinant v-SNARE and t-SNARE proteins into distinct vesicle populations favors fusion, as determined by increased lipid mixing between the two vesicle pools (Weber et al., 1998) . Thus, via its interaction with the SNARE complex, synaptotagmin may act as a negative regulator of an intrinsically fusogenic structure until voltage-gated Ca 2ϩ influx triggers its dissociation, although biochemical evidence supporting this hypothesis has been lacking.
Our current findings indicate that Ca 2ϩ entry induced by membrane depolarization or addition of Ca 2ϩ to presynaptic membrane vesicles lysed by hypotonic shock (LP1 fractions) induced the release of synaptotagmin from the SNARE complex. These results support and extend observations by Mehta et al. (1996) using a lysed synaptosomal membrane preparation, in which calcium reduced the association of synaptotagmin with SNAP-25. The Ca 2ϩ concentrations required were within the range that triggers transmitter release from small synaptic vesicles. Calcium-dependent dissociation was specific to synaptotagmin, as Ca 2ϩ did not affect either the association of complexin with the trimeric SNARE complex or interactions between the SNARE proteins themselves. It is thus likely that Ca 2ϩ binding sites on synaptotagmin are involved. Experiments with LP1 vesicles indicated three principal characteristics: Ca 2ϩ triggered synaptotagmin release only when added before membrane solubilization, suggesting that dissociation from the core complex could require synaptotagmin binding to an intact phospholipid bilayer; the concentration dependency indicated a threshold at 30 M Ca 2ϩ and a maximal effect at 300 M; and synaptotagmin release was not supported by 1 mM Sr 2ϩ . These characteristics can be compared with the reported binding properties of recombinant synaptotagmin I. First, it is unlikely that the dissociation of synaptotagmin from the SNARE complex is the direct result of Ca 2ϩ -dependent oligomerization of synaptotagmin, as 1 mM Sr 2ϩ is an effective substitute for Ca 2ϩ in selfassociation mediated by the C2B domain (Sugita et al., 1996) . In contrast, the C2A domain of synaptotagmin I displays Ca 2ϩ -dependent interactions with phospholipids (EC 50 for Ca 2ϩ ϭ 5-10 M) and syntaxin 1 (EC 50 for Ca 2ϩ ϭ 250 M) (Südhof and Rizo, 1996) . Sr 2ϩ is less effective than Ca 2ϩ in phospholipid binding assays and does not trigger syntaxin 1 binding to synaptotagmin I (Li et al., 1995a) . However, an intriguing divergence was noted in the ability of Ca 2ϩ to dissociate synaptotagmin from the trimeric SNARE complex but to increase the affinity of synaptotagmin for monomeric syntaxin 1 in a similar concentration range. Synaptotagmin binding to the individual t-SNAREs syntaxin 1 and SNAP-25 (Schiavo et al., 1997) may constitute steps in the construction of a Ca 2ϩ -dependent fusion particle, a process that also appears to involve Snapin (Ilardi et al., 1999) . If the assembly of the core complex in a trans conformation initiates fusion, then to be effective as a negative regulator, synaptotagmin would have to be incorporated before VAMP is added to form the active trimeric v-SNARE/t-SNARE complex. Thus, the differential modulation by Ca 2ϩ of synaptotagmin binding to monomeric syntaxin versus the trimeric SNARE complex may reflect distinct actions of Ca 2ϩ at different steps (assembly versus triggering) in the SNARE complex cycle. Whereas synaptotagmin assembles with syntaxin in the absence of phospholipids, intact membranes may be required for the dissociation and triggering step. A recent fluorescence study has revealed that the Ca 2ϩ binding loop 3 of the C2A domain can penetrate lipid bilayers (Chapman and Davis, 1998) . Thus, it is possible that Ca 2ϩ -dependent interactions of synaptotagmin with phospholipids not only may be essential for dissociation from the SNARE complex but may also contribute directly to membrane fusion. A correlation between the binding properties outlined above and a Ca 2ϩ sensor functioning in transmitter release has been suggested (Li et al., 1995a,b) by two observations. First, substitution of Sr 2ϩ for Ca 2ϩ reduced a fast synchronous component of the synaptic response in the hippocampal neurons but facilitated slow asynchronous release . Second, fast synchronous release was also selectively diminished in mice carrying a mutation in the synaptotagmin I gene .
Although evidence is compatible with the hypothesis that Ca 2ϩ -triggered release of synaptotagmin from the core complex constitutes a late step that precedes exocytosis, an alternative interpretation merits discussion. It is conceivable that synaptotagmin is uniquely associated with SNARE complexes in a cis conformation in the plane of the plasma membrane. As synaptotagmin has been implicated in endocytosis because of its ability to bind AP2 clathrin adaptors , the effects we monitored may correspond to a stage in the Ca 2ϩ -dependent internalization of used SNARE complexes. We consider this to be unlikely as the Ca 2ϩ concentrations that trigger endocytosis are ϳ100-fold lower than those required for synaptotagmin dissociation from the core complex and for synaptic vesicle fusion, and data are consistent with the view that calmodulin is the Ca 2ϩ sensor for internalization (Artalejo et al., 1996; Marks and McMahon, 1998) .
Whereas SDS-resistant core complexes were enriched in synaptic plasma membrane fractions, they were not detected in S2 fractions that contain cytoplasm and synaptic vesicles released from broken nerve terminals. Labile t-SNARE/v-SNARE complexes that were not associated with synaptotagmin were identified in immunoiso-lated synaptic vesicles and S2 fractions. The precise composition and structure of these complexes and the reasons why they do not spontaneously assume an SDSresistant conformation following solubilization are not yet clear. Removal of cytoplasm and addition of NEM or ATP␥S clearly generated SDS-resistant SNARE complexes in these fractions, suggesting that NSF is constitutively driving vesicular SNARE complex disassembly. Thus, labile binary and/or ternary SNARE complexes in synaptic vesicles may represent intermediate stages either in the assembly of monomers to form SDS-resistant trimers or in the disassembly of trimers.
Our data are compatible with those from studies in Drosophila. Morphological analysis of synaptotagmin mutants has provided support for the view that synaptotagmin stabilizes synaptic vesicles in a docked state (Reist et al., 1998) . Furthermore, temperature-sensitive paralytic mutations in NSF (comatose) result in an accumulation of SDS-resistant SNARE complexes in synaptic vesicles (Littleton et al., 1998) . In conclusion, our findings are consistent with a model in which SNARE complexes are assembled on a synaptotagmin scaffold in a trans conformation at the docked vesicle/plasma membrane interface. Calcium elevation can then induce the dissociation of synaptotagmin. Further studies will be required to ascertain whether this step directly precedes membrane fusion or represents a Ca 2ϩ -and phospholipid-dependent regulatory process upstream of triggering.
